We document a time-density model for in-season assessment of salmon stocks that integrates 3 both relative and absolute indicators of abundance and incorporates preseason information on run-size 4 and migration timing using a Bayesian framework. We evaluate different data collection programs for 5 Fraser River sockeye salmon (Oncorhynchus nerka) by examining the precision, bias and timeliness of 6 resulting run-size estimates with a retrospective analysis of 20 years of data. We quantify the run-size bias 7 if migration was early versus late and evaluate the impact of run-size uncertainty on the ability to reach 8 management objectives. In-season assessments greatly improve the accuracy and precision of run-size 9 estimates compared to preseason forecasts. For the in-season assessment of Fraser River sockeye, CPUE 10 data from seaward marine test fisheries, although less precise, were more informative at the peak marine 11 migration than more precise terminal, in-river hydroacoustic data obtained on the same date, but 12 conveying information of an earlier stage in the migration. Throughout the season, the best fisheries 13 management results were obtained by relying on in-season assessments using both marine CPUE data as 14 well as marine reconstructed abundance estimates derived from in-river hydroacoustic estimates, thereby 15 taking advantage of the benefits of both sources of information. Management of fisheries typically involves the assessment of the abundance of stocks using 18 different types of information collected over varying periods of time. This information typically includes 19 fishery-dependent as well as fishery-independent data. Historically, various statistical (frequentist) 20 methods have been used to estimate abundance from these data (Ricker 1975) . More recently Bayesian 21 methodology has been employed allowing for objective approaches to combine results from multiple 22 models and sources of information and to provide estimates of uncertainty of abundance (Fried and
33
In-season assessment methods that rely on information collected during the salmon migration to the 34 spawning grounds provide more precise estimates of the total abundance of returning adults (Link and   35 Peterman 1998). The data to support in-season assessments could include fisheries data (catch or CPUE) 36 collected when salmon migrate through different fisheries or abundance data collected when salmon are 37 enumerated using in-river hydroacoustics technology, or at fences, fishways or dams. In-season 38 assessments of such data provide for rapid and continuous updates of estimates of total abundance 39 (referred to as run-size estimates throughout this paper), allowing for more responsive in-season D r a f t 4 47
The in-season assessment of salmon stocks relies on two main methods: regression models 48 relating indicators of abundance (or cumulative abundance) on a given date with total run-size estimates 49 obtained post-season (Fried and Hilborn 1988; Ryall 1998) and time-density (or cumulative time-density) 50 models that estimate the proportion of the migration on a given date (Walters and Buckingham 1975; 51 Brannian 1982; PSC 1995; Springborn et al. 1998 ). These time-density models of migration rely on the 52 date of peak abundance as well as the shape of the migration as described by the spread and the degree 53 of symmetry of the pattern of daily abundances over time. They can be fitted to abundance indices such 54 as CPUE data from commercial or test fisheries as well as absolute estimates of abundance reconstructed 55 from catch and real-time escapement data. One advantage of time-density models is that the timing of 56 the migration becomes an estimated model parameter compared to a fixed input as is the case for 57 alternative in-season assessment models that rely on regression analyses using catch or catch-per-unit-58 effort data (PSC 1995; Ryall 1998) . The main challenge with in-season assessments of salmon stocks is the 59 simultaneous estimation of timing and total run size, as the peak catch or abundance dates can only be 60 confirmed once more than 50% of the migration has passed. Consequently, prior to the peak, runs that 61 are small and early or late and large may be indistinguishable (Adkison and Cunningham 2015). The 62 integration of all available sources of data and information within the assessments is therefore important 63 to ensure timely in-season management decisions. Bayesian methods offer an ideal platform for such 64 analyses while also accounting for the uncertainty in the resulting estimates (Fried and Hilborn 1988; Hyun D r a f t 5 71 relying on pre-season forecast estimates. In addition, we assess the bias in run-size estimates if the timing 72 of the migration is early versus late, and evaluate the impact of the run-size uncertainty on the ability to 73 reach fisheries management objectives. These analyses were performed using data for sockeye salmon 74 (Oncorhynchus nerka) returning to the Fraser River, the largest sockeye producing river in British 75 Columbia, Canada (Figure 1 ).
76
The intensive management regime for Fraser River sockeye provides a useful case study to 77 retrospectively evaluate the value of different in-season assessment data due to the extensive degree of 78 monitoring of Fraser River sockeye as compared to other major sockeye producing systems (Rand et al. 79 2007 ). In addition, extensive time series (1998-2017) of stock-specific marine test fishing CPUE data and 80 in-river hydroacoustic data analysed retrospectively allowed more general conclusions to be drawn.
81
However, the recent low returns of sockeye salmon within the Fraser River have raised concern regarding 82 the utility of the expensive in-season assessment and management program. The results presented in this 83 paper can be used directly to help inform decisions regarding the funding of different data collection 84 programs in support of Fraser River sockeye assessments.
85

Materials and methods
86
Fraser River sockeye data to support in-season assessment and management D r a f t 6 92
The in-season assessment of Fraser River sockeye stocks is based on four sources of information: 93 catch data from commercial and other fisheries, test fishing catch and effort, stock identification, and 94 hydroacoustics information collected in-river (Woodey 1987 
120
For the assessment of Fraser sockeye, we assume the geographical reference location is in the marine 121 area. The daily abundance of salmon (N t ) passing this marine assessment location on a given day t can be 122 represented as: average year in terms of run size and timing), before presenting results across all years (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) ). The 183 model was run at various times during the salmon migration: three days before the peak or date when 184 50% of the migration passed the marine reference location, at the peak of the migration, and three, six, 185 nine and twelve days afterwards. Four scenarios, based on different in-season data collection programs 186 (Table 4) In addition, the in-season assessment data were divided into years with earlier and later than average 206 timing and analysed retrospectively to quantify the associated bias. To test the hypothesis that the run 207 size is overestimated when the migration is early and underestimated when late, we performed a one-208 sided two-sample t-test on the yearly estimates of the MPE at the peak of the migration. In the case of a 209 directional run-size bias, we evaluated retrospectively if pre-season timing forecast estimates could be 210 used to reduce the bias. Based on the preseason timing forecast (early or later than average, Table 2 ), a 211 bias correction, equal to the MPE, was applied to the in-season run size estimate. The resulting bias-212 corrected in-season run size estimates were subsequently compared against the observed post-season 213 estimates. We performed a one-sided two-sample t-test to test the hypothesis that the bias correction 214 would reduce the average run size error.
215
Implications for fisheries management 216
Run-size uncertainty and the value of reducing that uncertainty remain academic concepts unless 217 we can evaluate the implications for fisheries management. We therefore extended our analyses to 218 evaluate the impact of differences in run-size bias and precision on the ability to reach management analysis, we assumed that the run size would be updated every three days, starting three days before the 251 peak of the migration. To properly simulate in-season conditions, the model-predicted peak migration 252 date was used. After each run-size update, the SET, TAC, catch-to-date and remaining TAC were adjusted.
253
Catches in the three days following the assessment equaled the total remaining TAC unless catches were 254 restricted by the available abundance. Before the start of the in-season assessments we assumed that 255 there was no available TAC but that 20% of the daily abundance was caught by fisheries directed at earlier 256 time comigrating stocks.
257
Sensitivity analyses allowed to evaluate the impact of the assumption that the observed run size were not yet available. These CPUE-based abundance estimates were represented as boxplots in Figures   273 6A and 6B to highlight the uncertainty around these estimates.
274
Results indicated that the run-size uncertainty was not only a function of the amount of data and 275 of the precision of available information but was also influenced by the timing of the assessment relative 276 to the peak migration date: assessments early in the migration were typically less certain than 277 assessments at later dates when more data had been collected. For example, prior to the 2003 season, 278 the median run-size forecast was 3.4 million (80% PI, Probability Interval: 1.0 -11.3 million). When running 279 the Bayesian time-density model at the peak of the migration, the run-size uncertainty was almost half of 280 the preseason forecast (80% PI: 1.9 to 4.9 million, Figure 6A ). At this point, the reconstructed abundance 281 estimates based on in-river hydroacoustic data still indicated an increasing trend ( Figure 3A ). However, 282 the marine test fishing CPUE data ( Figure 3B ), and especially the last six days of data ( Figure 6A ) indicated 283 a declining trend in daily abundance estimates, which could support the conclusion that the peak of the 284 migration had passed. Although the CPUE data indicated a smaller run with earlier timing, the resulting 285 median run-size estimate was still 8% higher than the observed run size because of the additional prior 286 information on run size, timing and spread of the migration incorporated within the Bayesian time-density 287 model ( Figure 6A ). Six days later, both the reconstructed abundance estimates ( Figure 3C ) and the CPUE 288 data ( Figure 3D ) had plateaued. These trends in both sources of information, in combination with the 289 informative prior on the spread of the migration increased the probability that the peak of the migration 290 had passed while decreasing the probability of further increases in daily abundance estimates and the 291 resulting run-size estimate were more certain (80% PI: 2.1 -3.2 million, Figure 6B ). Running the time-292 density model later in the season, when additional data confirmed the peak of the migration, further 293 reduced the run-size uncertainty as reflected by the narrower probability intervals ( Figure 6C ).
D r a f t 15 295
The value of the test fishing and hydroacoustic programs, under the four different scenarios 296 described in the methods section, was evaluated retrospectively using the Bayesian time-density model 297 at different times during the season for 20 years of available data (Figure 7) . The evaluation criteria were 298 timely improvements in run-size accuracy and precision. Assessments based solely on reconstructed 299 abundance estimates (scenario 1, Figures 7A, B) were negatively impacted by the late availability of 300 marine estimates derived from data provided by the in-river hydroacoustic program, and provided less 301 certain run-size estimates early in the migration than assessments incorporating CPUE data (scenario 2 302 and 3, Figures 7D, F) . Although abundance estimates based on hydroacoustic data were more precise, 303 only after the peak of the migration was observed in-river (6 days after the peak had been observed in 304 marine areas), did the run-size uncertainty decline to 30%. In addition, before the peak of the migration 305 was observed, the model tended to overestimate the run size (MPE > 15%, Figure 7A Figure 7F ).
D r a f t 16 319
The above results indicate that marine data collection programs resulted in timelier estimates of 320 run size. Given the variability of the marine CPUE data and the uncertainty around the derived marine 321 abundance estimates, we examined the value of relocating the in-river hydroacoustic program to marine 322 assessment areas (scenario 4), assuming the same accuracy and precision of derived daily abundance 323 estimates. In this scenario, the average run-size error before or at the peak of the migration ( Figure 7H) 324 was similar to the run-size error when relying on marine test fishery data in combination with in-river 325 based daily abundance estimates ( Figure 7F ). Improving the quality of the marine data reduced the run-326 size error after the peak migration date, but only by 10%, as the improved precision in marine abundance 327 estimates did not improve the estimation of the migration left to come, seaward of the marine data 328 collection site.
329
Across years, there was a statistically significant relationship between timing and run size, with 330 later timed runs being larger than runs with early timing (p-value = 0.0096). In addition, the timing of the (Table 2) were not precise enough to improve in-season run size errors. For the three 344 different data collection scenarios, the MPE of the run size when implementing the bias correction was 345 not significantly different from the MPE of the run-size estimates without bias correction (Figure 8 ).
346
Implications for fisheries management
347
The impact of the accuracy, precision and timeliness of run-size estimates on the ability to reach estimates is skewed to the left and abundances decline dramatically after the peak migration date, the 382 time-density model will overestimate the run size when assessed prior to observing that sharp decline.
383
The probability to over-or underestimate the run size is also influenced by the timing of the stocks, with 384 early timed stocks more likely to be overestimated and later timed stocks more likely to be 385 underestimated when assessed at their peak migration date. While it is possible to use the estimated D r a f t 19 389
The time-density model can be fitted to both absolute as well as relative indicates of abundance.
390
In this paper, the application of the model for the in-season assessment of Fraser River sockeye illustrates 391 the use of reconstructed marine abundances estimates based on in-river hydroacoustic data and seaward 392 catches as well as marine test fishing CPUE data. Since the in-season management of Fraser River sockeye 393 assumes marine reconstructed abundances are known without error, the same assumption was made 394 within this paper. In reality, the accuracy of the total run-size estimate is dependent on four sources of season results, which are strongly influenced by the in-season data, especially once the peak migration 444 date is apparent in the data. For example, in 2009, the median preseason forecast for summer-run sockeye 445 was 8.7 million (2.9 -32 million 80% PI, Probability Interval) while six days after the peak migration date, 446 the in-season run-size estimate was 881,000 (720,000 -1.1 million 80% PI) and the actual number of 447 returning sockeye estimated post-season was 675,000 (PSC 2015a). The following year in 2010, the 448 median preseason forecast for summer-run sockeye was 2.6 million (1 -7 million 80% PI) and the median 449 in-season estimate at the peak of the migration was 3.3. million (2.5 -4.4 million 80% PI, PSC 2015b). Six 450 days after the peak migration date, the in-season median run-size estimate had increased to 5.1 million 451 (4.3 -6.1 million 80% PI) as compared to an actual return of 5.8 million. Although in both years actual 452 returns were considerably different than forecasted preseason, information from the in-season 453 hydroacoustic and test fishing programs allowed for in-season updates of the run-size and timing 454 estimates and adjustment of fisheries catches. As a result, based on post-season estimates, 92% of the D r a f t 22 461 < 70%) and greatly decreased biases (MPE < 30%). The improvements in run-size error depended on the 462 timing of the in-season assessments in relation to the peak migration date and the quality of the data and 463 information used for the assessment. The marine CPUE information at the peak of the migration, six days 464 seaward of Mission, had a greater influence on the run-size error than the more accurate and precise 465 hydroacoustic data reflecting an earlier stage of the migration. In addition, the run-size uncertainty was 466 primarily due to the uncertain abundance seaward of the test fishing areas, rather than due to uncertain 467 daily abundance estimates derived from the test fishing CPUE data. As the main objective of the marine 468 assessments is to provide an early indication of the trend in daily abundance estimates, relative indictors 469 of abundance seemed to work equally well as absolute indicators of abundance around the peak 470 migration.
471
This paper also evaluated if in-season assessments could be improved by replacing marine CPUE 472 data with more precise data such as marine daily abundance estimates based on marine hydroacoustics.
473
Such estimates could potentially improve total run-size estimates by an average of 10% three to six days 474 after the peak migration. These results however, assume the daily abundance estimates based on marine 475 hydroacoustics would reach the same accuracy and precision as the estimates derived from in-river 476 hydroacoustic data, which is unlikely given that the sampling area in the marine environment is much 477 larger and more variable than in the river. For example, a marine hydroacoustic program would be 478 challenged by highly variable tidal currents and the more diverse marine environment would complicate further improved the ability to achieve the two competing management objectives: to reach spawning 495 escapement targets and to achieve catch objectives.
496
For in-season management, the timeliness of information is crucial. Although it takes about two 497 months for Summer-run sockeye to transit an area, approximately 50% of the abundance passes in a two-498
week window around the peak migration date. This restricts the availability of fish to marine fisheries, as 499 there will only be a small window of time in which most of the fish can be caught. Median (m) reported in Table 2 and CV = 1.2 T ~ Normal(µ, 1 / (µ * CV) 2 ) Mean (µ) reported in Table 2 D r a f t when predicting the run size at the peak of the marine migration, i.e., when 50% of the run has migrated through the marine assessment areas. The run size errors associated to the use of three different inseason data scenarios have been evaluated (Table 4A1-3) . Results indicate the run-size error when the run is earlier or later timed than average and if there is a statistically significant difference between the MPE depending on the timing of the run (n.s. when not significant, * when p < 0.05 and ** when p < 0.025). Based on preseason timing forecast estimates (early or later than average, Table 2) D r a f t 44
The MPE for early and late timed stocks is used in combination with the preseason timing forecast (Table 2) D r a f t
